Background Major depressive disorder (MDD) is a chronic, life-threatening psychiatric condition characterized by depressed mood, psychomotor alterations, and a markedly diminished interest or pleasure in most activities known as anhedonia. Available pharmacotherapies have limited success and the need for new strategies is clear. Recent studies attribute a major role to the pituitary adenylate cyclase-activating polypeptide (PACAP) system in mediating the response to stress. PACAP knockout mice display profound alterations in depressive-like behaviors, and genetic association studies have demonstrated that genetic variants of the PACAP gene are associated with MDD. However, the effects of PACAP administration on depressive-like behaviors in rodents have not yet been systematically examined. Objectives The present study investigated the effects of central administration of PACAP in rats on depressive-like behaviors, using well-established animal models that represent some of the endophenotypes of depression. Methods We used intracranial self-stimulation (ICSS) to assess the brain reward function, saccharin preference test to assess anhedonia, social interaction to assess social withdrawal, and forced swim test (FST) to assess behavioral despair.
Introduction
Major depressive disorder (MDD) is a chronic, life-threatening psychiatric condition which affects 16 % of the population at some point in their lives in the USA (Kessler et al. 2003) . MDD is characterized by depressed mood, psychomotor alterations, as well as a markedly diminished interest or pleasure in most activities, also known as anhedonia (American Psychiatric Association 2013) . Despite the persistent work on trying to understand the neurobiological substrates of this disorder, there is still much to be discovered regarding the circuitry responsible for the different symptoms of MDD.
Growing evidence attributes a major role to neuropeptide systems in mediating not only the physiological stress response but also depressive and anxiety disorders, making them potential drug targets (Holmes et al. 2003) . In particular, there is accumulating evidence that the pituitary adenylate cyclase-activating Mariel P. Seiglie and Karen L. Smith contributed equally to this work.
polypeptide (PACAP) system plays an important role in the behavioral and endocrine responses to stress, as well as in synaptic plasticity and neuroprotection . PACAP is the most conserved peptide of the growth hormonereleasing hormone (GHRH)/secretin/glucagon/vasoactive intestinal peptides (VIP) superfamily ). Two fragments of PACAP exist, PACAP-38 and PACAP-27, the former representing more than 90 % of the total peptide in the brain (Piggins et al. 1996) . PACAP functions as a neurohormone and neuromodulator through its G protein-coupled receptor PAC1, which binds PACAP with much greater affinity than VIP (K d = 0.5 vs. 4500 nM) (Harmar et al. 1998) . The PACAP/PAC1 system regulates food intake, energy metabolism, body temperature, neuronal survival, and the behavioral response to stress. PACAP and its receptor PAC1 are highly expressed in several nuclei of the hypothalamus as well as in various extra-hypothalamic regions including the amygdala, the hippocampus, and the nucleus accumbens (Joo et al. 2004; Piggins et al. 1996) .
Administration of PACAP intracerebroventricularly (i.c.v.), as well as into the paraventricular nucleus of the hypothalamus (PVN), the central nucleus of the amygdala (CeA), and the bed nucleus of the stria terminalis (BNST), has been shown to produce a stress-like response and to activate the hypothalamicpituitary-adrenal (HPA) axis as well as extrahypothalamic corticotropin-releasing factor (CRF) systems (Agarwal et al. 2005; Dore et al. 2013; Missig et al. 2014; Norrholm et al. 2005) . While on one hand PACAP knockout mice have been shown to display attenuations in serum corticosterone levels and depressive-like behaviors after a chronic stress paradigm (Lehmann et al. 2012) , other studies have instead described a prodepressive-like phenotype of PACAP knockout mice, which was, however, not reproduced in later studies Hattori et al. 2012) . However, the effects of exogenously administered PACAP on depressive-like behaviors have not yet been described.
In this paper, we sought to further characterize the prodepressive-like effects of PACAP using well-established animal models of anhedonia and behavioral despair, endophenotypes of depression. We used intracranial selfstimulation (ICSS) to assess the brain reward function, forced swim test (FST) to assess behavioral despair, saccharin preference test to assess anhedonia, and social interaction to assess social avoidance, following intracerebroventricular (i.c.v.) administration of PACAP in rats.
Materials and methods

Animals
Male Wistar rats, weighing 300-325 g upon arrival (Charles River, Wilmington, MA), were housed in a 12 h/12 h reverse light cycle (lights off at 11AM), humidity-and temperaturecontrolled vivarium, with food and water available ad libitum. Animals were allowed a minimum of 2 weeks to habituate to the vivarium; all experiments were done during the rats' dark cycle. Procedures adhered to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the Principles of Laboratory Animal Care and were approved by Boston University Medical Campus Institutional Animal Care and Use Committee.
Drugs
Saccharin solution (0.5 %w/v) was prepared using saccharin sodium salt hydrate (Sigma-Aldrich) and tap water. PACAP-38 (agonist) (here called PACAP) and PACAP(6-38) (antagonist) were purchased from the American Peptide Company (Sunnyvale, CA). Both peptides were dissolved in sterile isotonic saline in the presence of 1 % bovine serum albumin (Sigma-Aldrich, St. Louis, MO) and were administered i.c.v. in a volume of 5 μL, either alone or as a cocktail in a single micro-infusion. PACAP doses were chosen based on previous studies showing that similar doses produce anxiogenic and anorectic effects lasting up to 3-6 h (Dore et al. 2013; Mounien et al. 2009; Telegdy and Adamik 2015) . PACAP(6-38) doses were chosen also based on previous reports (Burgos et al. 2013; Telegdy and Adamik 2015) . Drug pre-treatment time was 30 min in the saccharin preference, social avoidance, and forced swim tests, and 0 min in the ICSS test (since the first two columns of the procedure were not used in the analysis, see below).
Intracranial surgery and micro-infusion procedures
Stereotaxic surgeries were performed as previously described (Iemolo et al. 2012; Sabino et al. 2007 ). Rats were implanted with a 24-gauge stainless steel cannula (Plastics One, Roanoke, VA) into the lateral ventricle (from bregma=AP -1.00 mm, ML ±1.5 mm, DV −2.3 mm, flat skull) determined using Paxinos and Watson (6th edition) . For the ICSS experiment, the i.c.v. coordinates were adjusted to permit both the cannula and the electrode to fit in the same rat (AP, −1.0; ML, −3.2 with 20°v ertical tilt; DV, −2.6 from skull; incisor bar set 5.0 mm above the interaural line). After surgery, rats were singly housed and allowed to recover for at least 5 days before behavioral testing began. For micro-infusions, a 31-gauge internal injector with 2.5-mm projection was placed into the guide cannula, connected via PE20 tubing to a Hamilton microsyringe driven by a pump (KD Scientifics, Holliston, MA). Injections were administered at a rate of 2.5 μL/min, and injectors were left in place for an additional minute to prevent backflow.
Intracranial self-stimulation (ICSS) test
Surgery for electrode implantation and ICSS procedure were performed as previously described (Iemolo et al. 2012) . Rats were unilaterally implanted with a 0.125-mm-diameter bipolar stainless steel electrode (Plastics One; length≈10.5 mm) into the medial forebrain bundle at the level of the lateral hypothalamus (coordinates from bregma=AP −0.5 mm, ML −1.7 mm, DV −9.7 mm from skull; incisor bar set 5.0 mm above the interaural line).
A rate-independent discrete-trial current intensity procedure originally designed by Dr. Kornetsky was used (Kornetsky and Esposito 1979) . Rats were first trained to lever press on a fixed ratio (FR) 1 schedule of reinforcement to obtain 500-ms trains of electrical stimulation. Once stable FR1 operant responding for the electrical stimulus was established, ICSS thresholds were assessed using the following procedure (Iemolo et al. 2012; Valenza et al. 2015) . At the beginning of each trial, rats received a non-contingent stimulus (S1), after which they had the opportunity, during a 7.5-s limited period, to lever press, which resulted in the delivery of a contingent stimulus (S2) that was identical to the previous S1. A 7.5-22.5-s (average 15 s) period of time elapsed between S2 delivery and the delivery of the next S1. If no response occurred, this time period began at the end of the 7.5-s period allotted for response. These time periods were randomized so that animals could not Bpredict^the next S1 delivery. A Btrial^consisted of five presentations of S1 at a fixed current intensity (in microamperes). Three or more responses at that intensity were scored as a plus (+) for that trial, whereas two or fewer responses were scored as a minus (−) for that trial. If the animal scored a (+) for the first trial, the second trial began at an intensity of 5 μA lower than the first. The current intensity continued to decrease by the same fixed intensity until the animal scored a (−) for two consecutive trials. When this occurred, the current intensity at the second trial at which a (−) score was obtained was repeated and the current intensities were then ascended by 5 μA for each trial until the animal scored a (+) for two consecutive trials. Each set of ascending or descending current intensities was defined as a Bcolumn^, and a total of six alternating descending/ascending columns were performed for each session. The intensity at the midpoint between (+) and (−) was defined as the column threshold. The threshold for each session was calculated as the mean of the last four column thresholds; the first and second column thresholds were, therefore, excluded, as they were the most unstable. To discourage the subject from responding during the inter-trial interval, any response during this period postponed the onset of the S1 for an additional 22.5 s (a length of time that exceeded or was equal to the original random duration of the inter-trial interval).
The reward threshold is defined as the minimal current intensity able to produce a response that maintains the selfstimulation behavior. An increase in the reward threshold indicates that stimulus intensities that were previously perceived as reinforcing are no longer perceived as rewarding, reflecting an overall decrease in reward function . The response latency is defined as the mean response latency of all trials within a session during which a positive response occurred. Rats were trained daily until a stable reward threshold was achieved. On drug testing days, animals were injected with PACAP (0, 1, 3 μg/rat) immediately before their ICSS test session, in a within-subject, Latin square design. At least two treatment-free days were allowed between treatment days, and complete return to baseline threshold levels was ascertained before the next treatment was administered.
Saccharin preference test
On day 1 of the saccharin preference test, rats were presented with two water bottles for 4 h in their home cages at dark cycle onset. On day 2, rats received one bottle containing water and another containing a 0.5 % saccharin solution for 2 h. The saccharin bottle was then exchanged for a water bottle for two additional hours. On day 3, rats were allowed access to both saccharin and water bottles for 4 h. Rats were water deprived for 20 h on day 1, 2, and 3 to encourage drinking in a short period of time. On day 4, the test day, the drug was administered 30 min before bottle presentation; water and saccharin consumption was measured by weighing the bottles before and at the end of the 4-h test period.
Social avoidance test
The social avoidance paradigm in rats was based on the social approach-avoidance test previously described in both rats and mice (Lukas et al. 2011) , with slight modifications. The test took place during the rats' active phase, under red lights. Rats were placed in a novel arena (100×100×40 cm). After 30 s of habituation, an empty wire-mesh cage (64×32×25 cm) was placed at one side wall of the arena for 4 min, during which the experimental rat could gain familiarity with the arena and the novel empty cage. An unknown male Wistar conspecific (social stimulus) was then inserted into the cage for an additional 4 min. The arena was cleaned with quatricide between rats. The test was recorded with a camera and the time the experimental rat spent interacting with the conspecific was analyzed by an experimenter blind to the treatments.
Forced swim test (FST)
A 1-day protocol was used. Thirty minutes after drug administration, rats were placed into a clear acrylic cylinder (25 cm diameter) filled with water (24°C; 42 cm deep) for 15 min. The test was videotaped and later scored for the time rats spent climbing, swimming, and immobile by an experimenter blind to the treatments. Latency to first becoming immobile was also recorded. Behaviors were scored as described in Cryan et al. (2005) . Animals were considered immobile when performing the minimum movements required to keep their head above water, in the absence of other behaviors. Climbing was defined as upward-directed movement of the forepaws aimed toward the sides of the cylinder. Swimming was defined as horizontal movement throughout the cylinder. At the end of the session, rats were removed from the cylinder, dried, and placed into a polycarbonate cage located on a heating pad for 15 min, and then returned to their home cage.
Statistical analysis
ICSS dose-response data were analyzed using a repeated measure analysis of variance (ANOVA) with dose as a withinsubject factor. ICSS threshold blockade data were analyzed using a two-way repeated measure ANOVA with PACAP and antagonist as within-subject factors. Data from the social avoidance, sucrose intake, and FST studies were analyzed using one-way ANOVAs. Pairwise post hoc comparisons were made using Student-Newman-Keuls test; Student's t test was used when comparing two groups. Statistical significance was set at p <0.05. The software/graphic packages used were SigmaPlot 11.0 and Statistica 7.0.
Results
Central administration of PACAP elevates ICSS threshold
As shown in Fig. 1a , PACAP (0-3 μg/rat, i.c.v.) significantly affected the ICSS threshold (F(2,12)=29.75, p<0.001; significant linear trend, p<0.001). Post hoc analysis showed that the highest dose of PACAP (3 μg) elevated the ICSS reward threshold. PACAP did not affect latency to respond, as shown in Fig. 1b (F(2,12) =1.14, n.s.; not significant linear trend).
The PAC 1 R antagonist PACAP(6-38) blocks PACAP-induced elevation of ICSS threshold Administration of the selective PAC 1 R antagonist PACAP(6-38) (0-7.5 μg/rat, i.c.v.) did not affect ICSS threshold per se (F(2,18)=0.93, n.s.; not significant linear trend), as shown in Fig. 2a . However, when co-administered with PACAP (3 μg/ rat, i.c.v.), PACAP(6-38) (2.5 μg/rat) blocked PACAPinduced elevation in ICSS threshold (PACAP, F(1,6)=4.68, n.s.; antagonist, F(1,6)=0.87, n.s.; PACAP×antagonist, F(1, 6)=11.88, p=0.014), as shown in Fig. 2b . Neither PACAP nor PACAP(6-38) affected latency to respond (data not shown).
Central administration of PACAP reduces saccharin intake and preference
As shown in Fig. 3a , PACAP (0-3 μg/rat, i.c.v.) significantly affected the intake of a saccharin solution (dose, F(2,20)= 7.26, p<0.01; significant linear trend, p=0.001). Post hoc analysis showed that both doses of PACAP (1 and 3 μg) significantly decreased 4-h saccharin intake (Fig. 3a , left panel). PACAP did not affect concurrent water intake (F(2,20)= 1.11, n.s.; not significant linear trend), although a not significant trend to increase was noticed (Fig. 3a, middle panel) . Importantly, total fluid intake was not affected by the PACAP treatment (F(2,20)=2.00, n.s.; not significant linear trend) (Fig. 3a, right panel) . PACAP treatment also affected saccharin preference (F(2,20)=5.77, p=0.01; significant linear trend, p<0.01), with the highest dose of PACAP (3 μg) significantly decreasing 4-h saccharin preference, as shown in Fig. 3b .
Central administration of PACAP induces social avoidance
As shown in Fig. 4 , PACAP (0-3 μg/rat, i.c.v.) significantly increased social avoidance in a social interaction test (F(2, 23)=7.40, p<0.01; significant linear trend, p=0.001). Post hoc analysis showed that both doses of PACAP (1 and 3 μg) significantly reduced the time the rats spent approaching an unfamiliar rat during the 4-min test. . When the entire 15-min sessions were analyzed together, PACAP had still no effect on immobility, swimming, or climbing time (see insets of Fig. 5a, c, d ).
Discussion
Growing evidence attributes a major role to neuropeptide systems in the mediation of the stress response, making them potential drug targets for the treatment of affective disorders (for a review, see Holmes et al. 2003) . The PACAP/PAC 1 R system has been proposed to play a major role in mediating the behavioral and endocrine responses to stress . Although human and animal studies have suggested the possible involvement of the PACAP system in the pathophysiology of anxiety and depressive disorders, the effects of exogenously administered PACAP on depressive-like behaviors in rodents have not yet been systematically examined. These series of studies comprehensively characterize the effects of PACAP on depressive-like behaviors in the rat, using well-established animal models of anhedonia, behavioral despair, and social withdrawal. We demonstrate that central administration of PACAP induces a pro-depressant phenotype in rats. PACAP administered i.c.v. raised the current threshold for ICSS, and this elevation was blocked by co-administration of the PAC 1 R antagonist PACAP(6-38). PACAP reduced the consumption and preference for a sweet saccharin solution and reduced the time the rats spent interacting with a novel conspecific animal. On the other hand, PACAP administration did not increase immobility in the FST. The results collectively suggest a role for the central PACAP/PAC 1 R system in the regulation of depressive-like behaviors.
Depression, as in other mental illnesses, consists of endophenotypes which can be reproduced independently and evaluated in animals with the goal of identifying novel therapies for depression (Hasler et al. 2004 ). The depressive phenotype can be dissected into separate key components that are biologically and clinically meaningful and can be assessed quantitatively, called psychopathological endophenotypes (e.g., depressed mood, impaired reward function or anhedonia, impaired learning and memory, psychomotor alterations, increased stress sensitivity, etc.) (Hasler et al. 2004) . In the present investigation, we utilized reward-based (ICSS, consumption of sweet solutions), behavioral despair (FST), and social withdrawal models to explore the role of the PACAP/ PAC 1 R system. PACAP-treated rats showed a dose-dependent increase in ICSS threshold, defined as the current intensity that supports operant behavior in the discrete-trial current-intensity intracranial self-stimulation procedure, confirming previous results obtained with higher doses of the peptide (Dore et al. 2013 ). An increase in ICSS threshold is indicative of a decrease of the rewarding properties of the electrical stimulations (i.e., higher currents are needed to feel the same pleasure) . A number of conditions known to trigger depressive states in humans also cause deficits in the brain reward system function of animals as measured by ICSS; this is the case of chronic stress, such as chronic variable stress or chronic social defeat (Der-Avakian et al. 2014; Moreau et al. 1995) , as well as withdrawal from abused drugs, such as ethanol and cocaine and nicotine (Markou and Koob 1991; Schulteis et al. 1995) . For this reason, increases in ICSS thresholds, reflecting deficits in brain reward circuitries, are widely recognized as a sign of Banhedonia^, i.e., diminished interest or pleasure in rewarding activities and a core symptom of major depression and other affective disorders (American Psychiatric Association 2013). In line with this notion is the observation that chronic treatment with antidepressant drugs is able to attenuate increases in ICSS threshold .
We also found that co-infusion of the PAC 1 R antagonist PACAP(6-38) blocked the PACAP-induced elevations of the ICSS thresholds. It is important to note that although the well-characterized PACAP(6-38) is used as a PAC 1 R antagonist in many studies, it also exhibits high potency at VPAC2 receptors (Dickinson et al. 1997) . The finding that PAC 1 R knockout mice behave as PACAP knockout in the context of stress-related behaviors (Mustafa et al. 2015) , together with the observation that VIP appears to have an anxiolytic-like profile (Ivanova et al. 2014 ) and promote social contact and pair bonding (Kingsbury and Goodson 2014) , strongly suggests the exclusive involvement of PAC 1 R in the regulation of mood and social interaction. However, future studies will need to test more specific PACAP receptor antagonists as become available in order to evaluate the specific role of the individual receptors in the observed effects. Interestingly, PACAP(6-38) had no per se effect on ICSS threshold, suggesting the lack of a tonically active PACAP/PAC1 system in baseline, nonaversive condition. Our results are in line with previous results showing a lack of effect of PACAP(6-38) in unstressed animals as compared to animals exposed to chronic variable stress , and are reminding of the Bnormalizing^profile of CRF receptor antagonists on brain stimulation reward as well as anxiety-like behavior, which have been shown to affect these behaviors exclusively in conditions of high stress or arousal (Heinrichs et al. 1992; Macey et al. 2000 ). An alternative explanation for the lack of effect of PACAP(6-38) in ICSS can be related to the fact that the behavioral tests in this study were performed during the dark cycle, when the PACAP signaling may be less active as compared to the light cycle.
Importantly, neither PACAP nor PACAP(6-38) treatment affected the latency to start lever pressing, which is considered a measure of operant performance and therefore general motor activity in the ICSS procedure . This finding excludes potential locomotor suppressive effects of the peptides, in line with a lack of increased immobility in the FST as well as previous reports showing no locomotor impairment following administration of PACAP in rodents (Dore et al. 2013; Iemolo et al. 2015; Kocho-Schellenberg et al. 2014; Mounien et al. 2009; Resch et al. 2011) . We believe that the demonstration of the attenuation in the brain reward system function following administration of PACAP is a very significant one, as ICSS can be considered a direct read-out of intact reward functioning in the brain.
Even though in this study we have not directly measured the effect of PACAP on HPA activation, several previous reports have shown that similar doses of PACAP do activate the HPA axis (Agarwal et al. 2005; Dore et al. 2013; Norrholm et al. 2005) . However, considering the rapid effects of PACAP, our data suggest instead an effect of PACAP on hedonic behaviors, independently of HPA axis activation. This hypothesis is also supported by the observation that acute administration of steroids has been found to either not affect or even increase brain stimulation reward (Barr et al. 2000; Goodwin et al. 1992; Slusher 1965) . Moreover, bilateral adrenalectomy has been shown to fail to alter self-stimulation thresholds acutely . Consequently, it appears that acute activation of the HPA stress system, through the release of ACTH and corticosterone, either does not affect or even stimulate rather than inhibit self-stimulation, and therefore it is unlikely that the HPA axis stress system may mediate the effects of PACAP on ICSS observed in the present study.
We found that rats treated with PACAP showed a dosedependent decrease in intake of a palatable saccharin solution, which was reduced 49.9 % by the highest dose, compared to vehicle. Interestingly, a statistically non-significant trend to increased concurrent water intake (53.3 % by the highest dose, compared to vehicle) was observed, which speaks against the alternative hypothesis of general malaise. As a consequence, total fluid intake was not significantly affected by the treatment. Chronic stress is known to reduce the intake and preference of sweet solutions (as well as water) and chronic treatment with antidepressant drugs has been shown to increase sucrose preference as well as attenuate the reduction in sucrose consumption by chronic stress (Sampson et al. 1991; Willner et al. 1987) . Sucrose/saccharin preference shares a common theoretical basis with ICSS. Reduced intake and preference for sweet solutions represents the loss of interest, fatigue, and loss of energy common during depressive episodes. Like ICSS, preference for sweet solutions can be a measure of the affective state and motivation of rodents, and thus is considered another measure of anhedonia (D'Souza and Markou 2010) . Therefore, we demonstrate that central administration of PACAP causes a generalized decrease in sensitivity to rewards. It should be noted, however, that an alternative explanation for the reduction of saccharin intake may involve a potential reduction of place preference by PACAP, rather than a pure attenuation of the hedonic response; future studies investigating the effects of PACAP on place conditioning may help shed light on this question.
Based on the effects on ICSS and saccharin preference, a pro-depressant effect of PACAP can be concluded. PACAP is well known for inducing anorexia (Hawke et al. 2009; Morley et al. 1992; Mounien et al. 2009) , and this raises the possibility that the observed effects could be the result of this. However, saccharin is a non-caloric reinforcer (unlike sucrose, reason for which it was chosen in this study) and food deprivation is known to potentiate the brain reward function as assessed by ICSS (Carr et al. 2000; Goodall and Carey 1975) . These observations suggest that the anti-rewarding effect of PACAP is unlikely to be a result of decreased food intake.
In this series of studies, we also found that central PACAP administration caused a dose-dependent decrease in social interaction, i.e., it produced social withdrawal. The social interaction/avoidance test is an ethologically relevant model of neophobia, depression, and anxiety that uses the natural form of social behavior as a dependent variable (File and Seth 2003) . Although decreases in social interaction are most common in anxiety states, it is important to note that social dysfunction represents one of the core symptoms of depressionrelated diseases (Merikangas and Angst 1995) . Other Bstressn europeptides, such as corticotropin-releasing factor and cholecystokinin, have been shown to reduce social interaction (Dunn and File 1987; To and Bagdy 1999) , and chronic stress can also dramatically impact social interaction (Becker et al. 2008; Berton et al. 2006; Krishnan et al. 2007) . A previous report that mice with a deletion of the PACAP gene show increased social interaction and an attenuation of social defeat-induced social withdrawal is in line with our results (Hattori et al. 2012; Lehmann et al. 2012) .
Finally, we assessed whether central PACAP administration altered behavior in the forced swim test. The FST is based on the observation that animals develop an immobile posture in an inescapable cylinder filled with water, and in this test, immobility in the FST is interpreted as an incapacity or reluctance to maintain effort, rather than a generalized hypoactivity (Willner 1990) , and this reluctance correlates with the psychomotor impairment shown by depressed patients in tests requiring sustained effort (Weingartner and Silberman 1982) . Immobility is, therefore, interpreted as a passive stress-coping strategy (behavioral despair) (Detke and Lucki 1996; Porsolt et al. 1978) . We found that PACAP at the doses used in this study did not reliably affect immobility, swimming, or climbing in the FST. Noteworthy, PACAP treatment slightly increased the latency of the animals to first become immobile, which would essentially suggest an improved coping with stressful stimuli. Several considerations should be made regarding the FST. Originally developed to screen antidepressant medications, the forced swim test has more recently been used as a putative assessment of depressive-like behavior. However, its validity and reproducibility as a model of Bdepression^is debated and conflicting findings have been reported following chronic stressors (Der-Avakian et al. 2014 ); therefore, caution should be exercised to avoid overextrapolation of the behavioral outcome of the FST. It is conceivable that the central PACAP/PAC 1 R system is not involved in the mechanism that allows for the development of passive behavior (immobility), which disengages the animal from active forms of coping with stressful stimuli. Interestingly, PACAP knockout mice have been reported to show decreased immobility in the FST ), an effect which may however have been confounded by increased motor activity of the mutants.
As immobility time is typically lowest during the first day of FST and increases on day 2 when a 2-day protocol is performed, we chose to test the effects of PACAP on FST using a 1-day protocol to avoid a possible floor effect and therefore maximize the chances of observing an increase in immobility following administration of the drug. However, we cannot exclude the possibility that in a 2-day paradigm PACAP could have had an effect, even though the increase in latency to become immobile observed following PACAP administration would suggest otherwise.
One limitation of this study is that the PACAP antagonist blockade was performed exclusively in the ICSS experiment and not in the social interaction or saccharin preference tests, due to the fact that while the ICSS test used a within-subject design (therefore minimizing the number of experimental subjects), the remainder of the tests used instead a betweensubject design. Future studies will need to directly ascertain that the effects of PACAP on social withdrawal and saccharin preference are indeed also mediated by PAC 1 R.
Although the tests used in this study all assess some aspects of depression, they measure different behavioral outcomes: ICSS measures the sensitivity of the brain reward system (the median forebrain bundle), saccharin preference test measures the motivation for natural rewards, social interaction measures social behavior and recognition, and FST measures the coping with a potential life-threatening situation. Given the marked heterogeneity of the paradigms used, it is likely that the four tests rely on different neurobiological substrates and neurotransmitters. Furthermore, since i.c.v., rather than brain site-specific, infusions were used in this study, additional studies will be necessary to determine the site of action of PACAP in the context of depressive-like behaviors.
Many other stress-responsive systems have been implicated in the etiology and pathophysiology of mood disorders, including the kappa opioid receptor (KOR) and the corticotropin releasing factor (CRF) systems. KORs are indeed involved in stress and depressive-like behaviors (Knoll and Carlezon 2010) ; stress promotes the synthesis and release of dynorphin (Chartoff et al. 2009 ) and KOR activation produces dysphoria, decreased brain reward function, and pro-depressive-like behaviors both in humans and in rodents (Bals-Kubik et al. 1993; Pfeiffer et al. 1986; Todtenkopf et al. 2004 ).
Interestingly, PACAP has been shown also to increase CRF transcription (Agarwal et al. 2005) ; since a CRF receptor antagonist was shown to be able to prevent the anti-rewarding effects of PACAP (Dore et al. 2013 ) and the CRF system is thought to be upstream of KOR (Land et al. 2008) , we may speculate that PACAP's effects may be mediated by the initial activation of CRF followed by the activation of the dynorphin/ KOR system.
It is important to note that the anhedonic effects of acute drug administrations cannot obviously be regarded as the same as those of chronic administration of stressors. However, since chronic exposure to stress ultimately results in similar behavioral endpoints as acute PACAP administration, we hypothesize that chronic stress may lead to a recruitment of the PACAP system, which would in turn produce anhedonic behaviors. A limitation of the present study is that it involved the exogenous administration of the peptide; subsequent studies will need to assess the role of the endogenous PACAP system using animal models of depression and pharmacological antagonists or viral knockdown of PACAP and/or PAC1.
In summary, while during acute stress PACAP/PAC 1 R signaling may increase the motivation to escape threat (by producing aversion) and thus facilitate behavioral responses, prolonged PACAP/PAC 1 R system activation signaling in response to chronic stress may instead lead to the long-lasting changes seen in depression. Together, our results suggest that the hyperactivity of the PACAP/PAC 1 R system may contribute to the pathophysiology of depression, particularly the anhedonic symptomatology and social dysfunction associated with the disease.
